1. The defensive gill-withdrawal reflex in Aplysia has proven to be an attractive system for analyzing the neural mechanisms underlying simple forms of learning such as habituation, sensitization, and classic conditioning. Previous studies have shown that habituation is associated with synaptic depression and sensitization with presynaptic facilitation of transmitter release from sensory neurons mediating the reflex. The synaptic depression, in turn, is associated with a decrease in Ca*' currents in the sensory neurons, whereas presynaptic facilitation with increased Ca*+ currents produced indirectly by a decrease in a novel serotonergic sensitive K+ current. The present work represents an initial quantitative examination of the extent to which these mechanisms account for each of these types of synaptic plasticity.
2. To address these issues a lumped parameter mathematical model of the sensory neuron release process was constructed. Major components of this model include Ca*+-channel inactivation, Ca*+-mediated neurotransmitter release and mobilization, and readily releasable and upstream feeding pools of neurotransmitter. In the model, release of neurotransmitter has a linear function of Ca*+ concentration and is not affected directly by residual Ca*+.
3. The model not only simulates the data of synaptic depression and recovery from depression, but also qualitatively predicts other features of neurotransmitter release that it was not designed to fit. These include features of synaptic depression with high and low levels of transmitter release, posttetanic potentiation, a steep relationship between action potential duration and transmitter release, enhanced release produced by broadening the sensory neuron action potential (presynaptic facilitation), and dramatic synaptic depression with two closely spaced tetraethylammonium (TEA) spikes. 4 . The model cannot account fully for synaptic depression with empirically observed somatic Ca*+-current kinetics. Rather a large component of synaptic depression is due to reduction to the pools of releasable neurotransmitter (depletion).
5. In the model when spike durations are > 15-20 ms, spike broadening produces little facilitation. However, when spike durations are more physiological, spike broadening leads to enhanced transmitter release. INTRODUCTION The defensive gill-withdrawal reflex of the marine mollusk Aplysia is one of the most extensively studied invertebrate behaviors and has been used as a model system to study the cellular mechanisms of elementary forms of learning such as habituation, sensitization, and classical conditioning (11, 50) . A tactile stimulus delivered to the protruding, funnellike siphon elicits a withdrawal of the siphon and nearby gill that habituates with repeated stimulation (50) . A noxious stimulus to the animal's head or tail produces sensitization of the reflex, with subsequent stimuli to the siphon resulting in enhanced gill and siphon withdrawal (11, 50) . Habituation is paralleled by depression of neurotransmitter release from the presynaptic terminals of the sensory neurons mediating the reflex that leads to progressively less activation of the motor neurons (9, 10, 12, 15) , whereas sensitization has been associated with increased transmitter release due to presynaptic facilitation (13, 15) . Synaptic depression is correlated with cumulative inactivation of the sensory neuron Ca*+ current (34) , whereas presynaptic facilitation is correlated with an enhanced Ca*+ influx produced indirectly by a reduction in a serotonin (5HT)-sensitive K+ conductance (33, 34) . The 5-HT or the natural modulatory transmitter produces its effects through changes in the levels of intracellular adenosine 3',5'-cyclic monophosphate (CAMP) (8, 14, 32, 33, 56) .
Recently, the parametric features of the synaptic depression contributing to the habituation of the reflex were analyzed (9) . A train of 10 action potentials with various interstimulus intervals (ISIS) was artificially produced in a sensory neuron, while the resultant excitatory postsynaptic potentials (EPSPs) were measured in a follower motor neuron. At 100 s after the 10th action potential an additional action potential was delivered to test recovery from the depression (see Fig. 3A ). An IS1 of 1 s produced rapid depression of the EPSPs that approached a plateau of 36% of control. An ISI of 100 s produced much less depression, and the EPSPs gradually declined to 65% of control at the 10th pulse. Among ISIS of 3, 10, and 30 s there was no appreciable difference in depression, and this group showed depression that was intermediate between that produced by ISIS of 1 and 100 s. The recovery from depression after a pulse train of 10 stimuli was not constant; shorter ISIS exhibited a more rapid recovery.
Using these data (9) and data describing the features of synaptic depression and inactivation of Ca*+ current in voltage-clamped sensory neurons (34), we were interested in constructing a quantitative model of the release process that could explain the rather complex parametric features of depression at this synapse. Initial models relying solely on inactivation of Ca*+ current were incapable of simulating the data and led us to explore other possibilities such as depletion (40) , but this also failed to simulate the data. In order to simulate successfully the features of synaptic depression we found it necessary to construct a complex model that employed multiple pools of neurotransmitter and Ca*+-mediated mobilization of neurotransmitter.
After formulating a model that accounted for the data of synaptic depression we were next interested in examining its ability to predict aspects of synaptic plasticity not considered during its construction.
We found that the model successfully predicted features of synaptic depression at high and low levels of release, posttetanic potentiation, a steep relationship between action potential duration and transmitter release, facilitation of release due to spike broadening (presynaptic facilitation), and dramatic depression with two closely spaced TEA spikes.
MODEL FORMULATION
The three basic components of the model are the Ca*+ channel, intracellular Ca*+ regulation, and vesicle storage and release. The approach was to begin with generally accepted principles of neuronal function, transform these into mathematical formalisms, and determine the values of constants with published data. Components were then fitted together to create a model of the release process. Combining components resulted in additional parameters. At this point all unspecified constants resulting from either the combining of components or lack of data were obtained by a nonlinear parameter estimation program based on a Gauss-Newton algorithm (36) or less frequently (when dealing with a small number of parameters) by manual trial and error. Parameters were adjusted to obtain an optimal fit to the set of data describing synaptic depression and recovery as shown in Fig. 3A and 50% depression of the EPSP at the 6th 50-ms depolarization under voltage clamp (Fig. 17A of Ref. 34) . If the model did not produce a good fit to the data, the equations were modified. This process of model update, parameter estimation, and examination of simulated results continued until the simulated results were in good agreement with the empirical data (cf. Fig.  3, A and B ). Over 100 model configurations were considered before arriving at the one presented in this paper. As described in RE-SULTS, predictions of this model were then compared with other published results and new experimental data. The various components of the final model are described below.
Ca2' channel and Ca2+ regulation Ca*+ in this model is housed in two compartments as illustrated in Fig. 1 . The first is the submembrane compartment (Ps) that represents the fraction of the cytosol lining the membrane with a thickness of a few vesicle diameters. The second is PC that represents the much larger fraction of the cytosol that is interior to the submembrane compartment.
The Ca*+ concentration (Cs) of the submembrane compartment is proportional to the magnitude of the Ca*+ current (I& in this model. This simplification ignores the effect of possible Ca*+ accumulation (residual Ca*+) on release. However, this effect is small for two reasons. First, Ca*+ diffusion is probably rapid, so that when stimulation frequencies are 4 Hz (the highest frequency generally used in our simulations), Ca*+ distributes throughout the terminal between stimuli. Modeling by ourselves and others (58, 66) has shown that rapid diffusion reduces Cs by more than an order of magnitude only 10 ms following a stimulus. Second, the increase in Cs after diffusion has occurred is most likely small relative to Cs during a stimulus. This is due to the volume of the submem-
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I Ca brane compartment being minute relative to the volume of the rest of the cytosol. The submembrane compartment of this model is similar to that of the residual Ca*+ theory (30) in that it contains Ca*+ that triggers transmitter release. However, release in this model is a linear function of Ca*+ concentration, instead of a power function and is not enhanced directly by residual Ca*+.
The second compartment is PC, representing the larger fraction of the cytosol interior to the submembrane compartment and containing cellular organelles and systems that affect intracellular Ca*+ levels. Obviously a one compartment approach of this larger volume is incapable of addressing variations in Ca*+ concentration that occur as a result of the dynamics of diffusion and spatial arrangement of sources and sinks of Ca*+. Nevertheless, because details of these processes are not available we have chosen to use a single compartment model as a first approximation. We denote the volume of PC as Vc and the concentration of Ca*+ in the compartment as Cc. The Ca*+ fluxes are considered individually in the following discussion. Ica. Ica represents the influx of Ca *+ that occurs during an action potential. Ica first enters the submembrane compartment before diffusing into PC. Because the rate of Ca*+ diffusion is assumed to be faster than other model kinetics, it is reasonable to ignore diffusion time and deliver Ica instantly to Pc.
In the simulation we approximated the . . Ica is the inward Ca *+ current present during an action potential and is delivered directly to submembrane compartment to increase its Ca*+ concentration (Cs) and trigger release. Flux impinging on PC is approximated by Ic, because Ca*+ diffuses rapidly from submembrane compartment to Pc (see text). Iu is a Ca*+ efflux that represents active uptake, sequestration, and extrusion of Ca*+ by endoplasmic reticulum, mitochondria, and plasma membrane. ID is a Ca*+ flux that represents the passive diffusion of Ca*+ the Ca*+ concentration of compartment Pc. presynaptic action potential by a pulse depolarization. In addition we have assumed that the activation and inactivation of the Ca2+ channels are voltage dependent (see DISCUSSION) and described by a HodgkinHuxley model (27) 
where tl is the time after the beginning of the first pulse, 7'* is the time constant of voltage-dependent activation, 7'1 is the time constant of voltage-dependent inactivation, and C represents the recovery from inactivation of the Ca2+ channel between pulses. C varies between 0 and 1. A value of 1 indicates that the Ca2+ channels have completely recovered from inactivation between pulses.
Although higher-order activation dynamics are probable (2, 26, 35) , this first-order approach provides an acceptable simulation of the empirical data. Between simulated action potentials
where t2 is the time after the end of the simulated action potential, & is the time constant of the recovery from inactivation and B' is the value of B at the end of the simulated action potential. With previously published voltage-clamp data from a sensory neuron of Aplysia (Fig. 16C ID is a Ca2+ flux that removes Ca2+ due to diffusion into compartments that are not modeled. In a lumped parameter system, Ca2+ diffusion within the cytoplasm is proportional to concentration differences between adjoining compartments. Because other compartments are not modeled, however, it is not possible to determine a difference. The approximation used in the model was to make the diffusional current solely a function of the Ca2+ concentration in compartment PC. Thus
where Kp is a diffusion constant. We use this extreme simplification of appropriate partial differential equations to limit complexity and because of a lack of information on the actual spatial relationships and physical constants of the sensory neurons.
Given the form of Ca2+ regulation in Fig.  1 and the definition of the three Ca2+ fluxes in Eq. I, 6, and 7 it is possible to write a differential equation describing Cc. dt= VC (8) where Vc is the volume of the Ca2+ compartment (PC).
Vesicle storage and release A diagram of the proposed vesicular regulatory system is shown in Fig. 2 , where the releasable pool (PR), the upstream feeding pool (PF), and the fluxes of vesicles discussed below are depicted.
It is generally accepted that there is a releasable pool (PR) of vesicles in the presynaptic terminal responsible for release of neurotransmitter into the synaptic cleft during an action potential (3, 16, 39, 40, 42, 59, 60, 64) . It contains vesicles that are in close proximity to release sites where Ca*+ may promote vesicle fusion and exocytosis of transmitter. Synaptic activity may deplete the number of vesicles in this pool and thereby depress release. To offset depletion it is generally believed that there is delivery of neurotransmitter to the depleted releasable pool, which occurs by increased synthesis and transfer (20) . We consider mobilization in a broad sense to represent processes that result in the delivery of the neurotransmitter to the releasable pool. In the Liley and North model (40) mobilization is driven by depletion of the releasable pool. However, such a mechanism by itself does not appear capable of accounting for synaptic depression of the sensory neuron EPSPs, and it has been suggested that the synaptic depression may be due to the depletion partially opposed by an intracellular Ca*+-mediated facilitator-y process (9) . This facilitatory process may be due to mobilization of vesicles mediated by increased intracellular Ca*+.
Mobilization may occur by the synthesis or translocation of the neurotransmitter as discussed above. The possible role of Ca*+ in the regulation of these processes is suggested by many reports. Ca*+ mediation of translocation is supported by Ca*+-dependent activation of tubulin kinase (18) because microtubular proteins may be involved in cytoplasmic transport (53) . In addition, translocation of chromaffin granules to the plasma membrane may be Ca*+-dependent (5 1). Further, targeting of vesicles to the active zone may be Ca*+-dependent because this process is thought to be similar to axonal transport (53) that requires Ca*+ (22, 47) . The possibility of Ca*+-mediated synthesis of neurotransmitter is supported by Ca*+-dependent activation of tyrosine hydroxylase (Ref. 25) . Perhaps Ca*+-mediated mobilization represents synthesis, translocation of transmitter, or a combination of these processes. It seems likely that these diverse processes may have different kinetics and sensitivities.
Mobilization of vesicles may utilize an upstream feeding pool (PF) to act as a reservoir from which vesicles can be removed to replenish the releasable pool. The upstream feeding pool undergoes depletion of neurotransmitter and is similar to the "larger fraction of Depot Ach" of Birks The flux of vesicles during an action potential from PR into the synaptic cleft is represented by IR. The classic depletion model (40) suggests that release is a function of the number of vesicles available for release. Llinas et al. (42) An equation that reflects these principles is
where IR is the instantaneous rate of vesicle release, CR the concentration of vesicles in PR, VR the volume of PR, and KR a constant. The product of CR and VR is the number of vesicles available for release in PR. The product of Ic, and KR is proportional to the Ca2+ concentration in the submembrane compartment (see above). Therefore the rate of transmitter release is a function of the number of vesicles in close proximity to release sites (the releasable pool) and Ca2+ concentration.
At present there is little information concerning the relationshp between transmitter release and the EPSP. Consequently, we assume that the EPSP is proportional to the total amount of transmitter released during a stimulus. Similar assumptions have been used frequently in other models of transmitter release (16, 40, 49, 64, 65) . The differential equation describing this relationship is d -g EPSP = IR = CR*VR*Ia*KR (10) where EPSP is the excitatory postsynaptic potential.
I~.
Ivp is a flux of vesicles due to a difference in the concentration of vesicles in PR and Pr (Fig. 2 ). This mechanism is formally similar to mobilization in the classic depletion model (40) . The magnitude of this current is a linear function of the concentration difference and is described by (17) where VR is the volume of PR.
Summary of model parameters and initial conditions
In summary, the model is composed of
Eqs. l-l 7 and 14 estimated parameters. The parameter values were determined by methods described previously to achieve an optimal model prediction of the empirical data. The model was implemented with a program written in FORTRAN using first order difference equations. The action potential was approximated by a 3 ms duration pulse that is the -G amplitude time interval of action potentials in the siphon sensory neurons (Fig. 24 of 
RESULTS
Stimulation of experimental data on synaptic depression and recovery 
Model predictions
The model was constructed and its parameters adjusted to fit the empirical data of synaptic depression and recovery from depression as shown in Fig. 3A . Therefore it is not surprising that the model accounts for these data. The credibility of a model, however, is enhanced when it successfully predicts phenomena that were not considered during its construction. Our evaluation of the model revealed that it successfully predicted a number of phenomena already described in the literature. In addition, the model made other predictions that were subsequently verified experimentally. One interesting feature of the EPSPs produced by the sensory neurons is that they exhibit similar depression at different levels when release is low (in solutions of low Ca2+) and when release is high (in solutions containing TEA ions that reduce K+ currents, broaden action potentials, and cause increased Ca2+ influxes) (12, 32) . In addition, when sensory neurons are repeatedly depolarized with 50-ms voltage-clamp commands depression occurs (33, 34) . Although our model was constucted to exhibit depression at normal and high (with 50 ms pulses) levels of release, we were interested in examining whether the model also would predict depression at low levels of release as well as other features of depression. In this way the model might provide insight into possible mechanisms underlying these effects.
A simulation was run at an IS1 of 10 s with Ica reduced so that control transmitter release was 5% of normal (Fig. 5) . Depression occurred, with the 10th EPSP being 79% of control. This result is roughly similar to that observed when release was reduced to l-5% of normal in solutions of low calcium (Fig.  12-18 When a sensory neuron is stimulated with a train of 10 action potentials at an IS1 of 1 s there is rapid depression to a plateau of 36% of the control value (Fig. 34 . When tested with the 11 th stimulus delivered 100 s after the train there is slightly more than complete recovery from depression ( , and Cr is concentration of vesicles in feeding pool (Pr). Max I Ca is maximum value of Ca2+ current during a pulse. Is is slow Ca2+-mediated flux of vesicles, and IF is the fast Ca2+-mediated flux of vesicles. It is apparent that Ca2+ is accumulating within Ca2+ compartment (increase in Cc) until a plateau is achieved around stimulus 6. Max Ic, does not change appreciably from pulse to pulse indicating little contribution of Ic, inactivation to simulated synaptic depression. IF and Is respond to increasing Cc and oppose depletion by replenishing releasable pool.
release is due to depletion of the releasable pool unopposed by mobilization.
As indicated in MODEL FORMULATION, data used in the synthesis of the model was 6 . Simulation displays a form of posttetanic potentiation. Model was driven with 3-ms pulses at an IS1 of 100 s. Magnitude of first EPSP was scored as 100%. One second after the 5th pulse a 20 pulse burst at a frequency of 50 Hz was applied to mimic a tetanizing burst of spikes (see arrow). Pulse burst causes 6th and 3 subsequent EPSPs to be increased beyond control levels.
EPSP 65% of the first. A PTP run had the same initial sequence, but 1 s after the 5th pulse a burst of 20 pulses at a frequency of 50 Hz was applied. After the spike burst the magnitude of EPSPs increased and remained elevated relative to the control run for the next 400 s (Fig. 6) . The mechanism for PTP is an increase in the number of releasable vesicles produced by increased Ca2+-mediated mobilization following the large Ca2+ entry during the spike burst. Although the model displayed PTP, the magnitude of the effects were weaker than those observed experimentally (62) despite the fact that the stimulation parameters were adjusted to give maximal PTP.
DEPENDENCE OF EPSP AMPLITUDE ON PULSE DURATION AND ITS IMPLICATION FOR SYN-APTIC FACILITATION.
According to the model of Klein and Kandel (33) presynaptic facilitation is due to spike broadening that in turn allows for enhanced Ca2+ influx and transmitter release. In order for changes in spike duration to produce enhanced transmitter release the relationship between spike duration and transmitter release must be relatively steep in the range of normal-duration action potentials (34) . We were therefore interested in determining whether our model could predict a steep relationship between pulse duration and the EPSP and an enhancement of release if pulse duration is increased during a low-frequency train of pulses. Figure 7 illustrates that as the pulse duration is increased from zero there is a steep rise of the EPSP (due to Ca2+ influx increasing), until -6 ms where the graph begins to flatten. At pulse durations > 10 ms, further increases yield little increase in the EPSP and the graph approaches a plateau at 15-20 ms that is due to exhaustion of the releasable pool. Thus our simulation predicts a relationship between EPSP and pulse duration that is necessary if presynaptic facilitation is produced by broadening of the sensory neuron action potential (34) .
Once we determined the model's ability to predict a steep relationship between pulse duration and the magnitude of EPSPs, the next step was to determine if the model could predict facilitation on the basis of broadened action potentials during a low-frequency train of spikes. After 5 pulses at an IS1 of 10 s, the action potential pulse duration was increased by 50% (to 4.5 ms) to mimic spike broadening produced by heterosynaptic stimulation. A marked facilitation of the EPSP was obtained. Maximal facilitation occurred with the second broadened pulse that was similar to experimental observations (13) . In the model, facilitation occurred because of increased Ca2+ entry during the widened action potential pulse that enhanced release (see above). The decay of the EPSP during the broadened pulses paralleled the decay of the control PSP that was also similar to experimental findings (see Fig. 3 of Ref. 24) . The degree of enhancement of the simulated EPSP, however, was less than that observed experimentally (24) .
The model supports the hypothesis that spike broadening contributes to presynaptic facilitation when action potentials have durations in the physiological range (see above). However, at greater durations of the action potential in the model (such as occur with TEA, e.g., Fig. 20 of Ref. 34) the releasable pool was significantly depleted and further facilitation on the basis of spike broadening alone could not be simulated. Therefore in our model when spike duration is greater than -15-20 ms, further spike broadening produces little facilitation (see DISCUSSION).
Experimental observations and further predictions
Although the model was capable of qualitatively predicting many aspects of the synaptic responses of the sensory neurons, it
5ms SPIKE II indicated that there was a less-than-causal relationship between changes in Ia as recorded in the cell body and synaptic depression, and it failed to simulate enhancement of transmitter release when an already longduration pulse was broadened further. To examine whether these properties reflected deficiencies in the model or intrinsic features of the sensory neurons we performed several additional experiments. The failure of the model to predict enhancement of the EPSP when the stimulation pulse of 20-50 ms was broadened further was a consequence of the steep relationship between pulse duration and the EPSP (Fig. 7) . To examine this issue experimentally we began with the working assumption that the duration of TEA action potentials is a reflection of Ia (32) and directly related to the size of the EPSP. If this is so, by artifically shortening a TEA spike, one should be able to reduce transmitter release over a range of actionpotential durations.
The isolated abdominal ganglion was per- 8 . Changes in action potential duration alter transmitter release. A: in a solution of artificial seawater containing 100 mM TEA and TTX, action potentials were elicited in sensory neurons at an IS1 of 10 s with brief (1 ms) suprathreshold intracellular depolarizing current pulses that led to EPSPs in follower neuron. On alternate stimulation pulses, action potential was artificially shortened by delivering a brief (2-ms) hyperpolarizing pulse at various intervals (5 to 20 ms) after first pulse. Part of hyperpolarization in sensory neuron is clipped by pen recorder. Recordings from sensory neurons were made with single electrode, voltage-clamp amplifier (Dagan 8 100) in currentclamp mode to eliminate bridge balance artifacts. B: pooled data. Each normal-duration action potential was followed by a shortened action potential, and percentage reduction between resultant EPSPs was calculated. Graph displays median of this percent reduction for each interval examined. Duration of unshortened TEA spike was 25 ms and was constant throughout manipulations. Parentheses near data points indicate number of times each observation was repeated.
OF APLYSW SENSORY NEURON 663 fused with solutions of artificial seawater containing 100 mM TEA (34) . Tetrodotoxin (TTX) (50 pg/ml) was also added to reduce background spontaneous synaptic input. Sensory neurons and follower neurons were impaled with microelectrodes for intracellular recording and stimulation.
Sensory neuron spikes were elicited 1 spike/ 10 s with brief (1 ms) intracellular suprathreshold depolarizing current pulses that produced long-duration spikes in the sensory neurons and EPSPs in the follower cells (Fig. 8A) . In 11 different experiments we found that release could be controlled by artificially shortening the TEA spikes with brief (2-ms) high-intensity hyperpolarizing pulses at various intervals after the initiation of the spike. (In many experiments we could not control release by this procedure. The most frequent problem was that the hyperpolarization would only transiently terminate the spike.) Figure 8 illustrates an example of one successful experiment in which these repolarizing procedures were repeated numerous times and at a variety of intervals. Artificially shortening the sensory neuron action potential decreased the amplitude of the resultant EPSPs, and there was steep relationship between spike duration and PSP size (Fig. 8C) . Note the most dramatic effect on PSP amplitude occurred when spike duration was reduced to values less than -15 ms (Fig. SC) . Thus both the experimental (Fig. 8C ) and simulation results (Fig. 7) indicate that changes in action potential beyond a minimal duration of -lo-20 ms would have little effect on transmitter release. During the course of the experiments we frequently observed that a second TEA spike occurred spontaneously 50 to several hundred milliseconds after the first. Of particular interest was that this second action potential, while having a duration very similar to the first, produced an EPSP that was extremely small and sometimes not even observable. Other dissociations between PSP size and the duration of TEA spikes have been observed previously (29; see also Fig. 5 of Ref. 14) . To examine this dissociation under more controlled conditions we performed the experiment illustrated in Fig. 9 . Two TEA spikes were triggered by stimuli separated by 300 ms. Note that the spike durations were quite similar, yet the second of the two EPSPs was significantly reduced (for similar results in the squid giant synapse see Fig. 1 Thus these results indicate that mechanisms in addition to changes in Ica contribute to the synaptic depression produced with broadened spikes. As an additional test of the model we simulated the experimental protocol of Fig. 9 and obtained similar results (Fig. 10) . The dramatic depression of transmitter release (I,) produced by the second stimulus was due to incomplete replenishment of vesicles (CR) in the releasable pool (PR) following total depletion by the first pulse (see also Ref. 29 for a parallel conclu .sion). 
DISCUSSION
Role of Ca2+ inactivation and depletion in synaptic depression product of I G and the number of vesicles available for release. Therefore synaptic depression could result from inactivation of Io,, depletion of the number of vesicles availIn this model the release of vesicles during able for release, or both. In the final form of an action potential is a linear function of the the model Ic, is determined by voltage-de-pendent activation and inactivation during a pulse and recovery from inactivation between pulses. These factors are modeled as firstorder processes with separate time constants. This approach is consistent with the data of Klein et al. (34) in which the magnitude of the inward current (carried by Ba2+) declined during each pulse in the train, and a cumulative decrement of IBa from pulse to pulse was observed. Inactivation of Ba2+ currents with K+ currents blocked argues in favor of the hypothesis that inactivation of Ica is at least partly voltage dependent. When the same protocol was simulated a good approximation to their results was obtained. However, briefer (more physiological) pulse durations (3 ms) caused little inactivation of Ia from pulse to pulse even at an IS1 of 1 s (Fig.  4) . Thus, in the model voltage-dependent inactivation of somatic Ica with dynamics on the order of the Ba2+ current, the data of Klein et al. (34) contributes little to synaptic depression. In contrast, in the model synaptic depression is due largely to variation in the number of vesicles (or amount of transmitter) available for release. However, we cannot exclude the possibility that the inactivation properties of the Ca2+ channel are different than those obtained from the Ba2+ experiments and that Ca2+-channel inactivation may play a greater role in natural synaptic depression than our simulations indicate. In addition, it is important to keep in mind that the data we used in our model were obtained from voltage-clamped sensory neuron somata. The implicit assumption has been that the terminal Ca2+ currents parallel qualitatively those of the soma. However, this assumption has yet to be experimentally verified. The terminal Ca2+ currents could exhibit more (or less) inactivation than those observed in the soma. The experiment of Fig. 9 indicates, however, that Ca2+-channel inactivation makes a relatively small contribution even under circumstances that would tend to allow inactivation properties to be maximally expressed (e.g. long-duration spikes to maximize inactivation and short spike intervals to minimize recovery from inactivation). It is possible, however, that both Ia and residual IK have similar inactivation characteristics so that in principle two successive spikes could have similar durations but different Ca2+ fluxes. The resolution of these issues must await a more detailed voltage-clamp analysis of the Ca2+ and K+ channels in the sensory neurons.
Concern about the changes in Ca2+-channel properties when Ba2+ is the current carrier prompted us to examine this issue and how it might alter the response of this model. We modified our description of Ica in the model so that it would simulate the empirical Ica data of Fig. 16B of Klein et al. (34) . It is interesting that on comparison of these data with the IBa data, we found that maximum values of current during a pulse as a function of stimulus number were similar, although the apparent degree of inactivation during a pulse differed. The behavior of the model after this modification was essentially unchanged from that of Fig. 3B . We concluded that under these circumstances the model is not sensitive to changes in the form of the current through the Ca2+ channel during the pulse, providing the decrement of the maximum current from pulse to pulse is similar.
Thus depression of the EPSP from the sensory neurons may be due primarily to depletion. Similar conclusions have been derived from analyses of depression at a variety of other synapses (3, 37, 39-4 1, 59, 64).
Role of spike broadening in presynaptic facilitation
The model demonstrates that increases in action-potential duration can enhance transmitter release. These results are consistent with the hypothesis that presynaptic facilitation is produced by spike broadening in the sensory neurons (32) . However, our data indicate that broadening parallels transmitter release only through a restricted range of action-potential durations. The failure of this model to simulate EPSP enhancement with further broadening caused by the application of 5-HT indicates that it may be incomplete. Our simulations of presynaptic facilitation are based on the assumption that 5-HT through CAMP enhances release only by spike broadening. Perhaps, however, CAMP, in addition to causing a reduction in the K+ current, increases mobilization of vesicles.
As discussed in MODEL FORMULATION, mobilization may occur by synthesis and translocation of neurotransmitter. A number of observations suggest the involvement of CAMP in the regulation of these processes.
Indeed, CAMP-mediated mobilization of neurotransmitter may occur at the neuromuscular junction of rat (63) (53) . In the nervous system of Apfysia, CAMPdependent phosphorylation alters the subcellular distribution of Ca2+/calmodulin-binding protein (54) , and in this way, CAMP might affect mobilization through the modulation of Ca2+-mediated mobilization.
CAMP mediation of the synthesis of neurotransmitter is suggested by its regulation of synthetic enzymes (Ref. 25) . Perhaps then, during heterosynaptic facilitation in the sensory neuron, CAMP may stimulate mobilization of transmitter, increasing the size of the releasable pool and thereby enhancing release.
If CAMP-mediated mobilization occurs a number of interesting new possibilities emerge. There is now direct evidence from some systems (7, 43) and indirect evidence in Aplysia (1, 48) that Ca2+ can prime or activate the adenylate-cyclase complex and that such an effect may be a component of associative neuronal modifications (23, 6 1). Thus the initial spike broadening produced by 5-HT and the resultant increases in Ca2+ influx (through this mechanism) may lead to additional CAMP production. So in principle changes in Ca2+ influx through alterations of spike duration could affect transmitter release over a wide range of spike durations. However, this could be caused indirectly through CAMP-mediated mobilization instead of by direct Ca2%-iggered exocytosis. The absence of CAMP-mediated mobilization and Ca2+ priming of adenylate cyclase in our model might explain its inability to exhibit facilitation with already prolonged action potentials. It is interesting to speculate further that the same mobilization-related protein phosphorylated by CAMP may also be phosphorylated by Ca2+. It has been shown that phosphorylation of the same substrate proteins is stimulated by CAMP and Ca2+ in nervous tissue of Aplysia (19, 46) and other systems (45, 55) . Perhaps one of these substrates in its active phosphorylated form serves as a common pathway by which calcium and CAMP-mediated mobilization occurs.
Comparison with previous models of transmitter release
Comparison of this model with others that have been developed to describe various aspects of transmitter release in other preparations (16, 40, 42, 44, 49, 64, 65) reveals that its unique features are a reserve pool that undergoes depletion and intracellular Ca2+-mediated mobilization. In contrast to some models it does not utilize residual calcium to affect release directly.
To examine how the residual-calcium theory might affect the behavior of this model we modified the submembrane Ca2+ compartment so that it was l/ 100th the volume of Pc and incorporated Ca2+ diffusion to Pc governed by a first order process with a time constant of 5 ms. This diffusional process approximates the theoretical time course of the concentration of Ca2+ in the submembrane compartment (58, 66) . Transmitter release was proportional to the product of the number of vesicles available for release and the concentration of Ca2+ in the submembrane compartment raised to the N power. Using N values of 1, 2, and 3 we repeated the simulations of Fig. 3B and found little difference between the results of the modified and original models. This was due to the lack of both Ica decrement, as previously discussed, and significant residual Ca2+. Residual Ca2+ did not occur because of the large ratio of the IS1 to the time constant of Ca2+ diffusion. These results substantiate the assumptions made in the Ca2+ channel and Ca2+ regulation sections. We are, however, inclined to believe that the model's inability to manifest PTP of the magnitude observed experimentally (see RESULTS) may be due to the absence of a mechanism consistent with the residual calcium theory.
Contribution of components to model's behavior
Because the model contains a number of mechanisms, we have manipulated the associated parameters in order to gain insight into those components that are particularly critical. Synaptic depression and recovery are heavily influenced by the fast and slow mobilization currents, Ca*+-removal fluxes, and the transmitter release constant. The model is relatively insensitive to components that govern Ca*+ entry during a stimulus providing that it does not change significantly from stimulus to stimulus. This is so because Ca*+ triggers opposing effects that are partially compensatory. When Ca*+ entry increases the resultant increase in depletion is opposed by elevated mobilization and the reverse occurs when Ca*+ entry is reduced.
Conclusions
Our model is a first step toward a quantitative formulation of synaptic transmission at the sensory neuron synapse. The model is complex and speculative, containing numerous estimated parameters and unverified assumptions, and will undoubtedly require further refinements as additional data become available. Nevertheless, we are encouraged to believe that this model may at least approx-imate the real mechanisms by its surprising ability to predict a number of effects that it was not designed to simulate. Modeling, however, is not a definitive test of a proposed mechanism because in general there is not a unique model to account for a given set of data. The benefits of modeling are to indicate which mechanisms are more likely to underlie phenomena, to suggest further experimentation, and to provide insight into how components interact to manifest the overall behavior of a complex system. With these points in mind, perhaps the most significant outcomes of this effort are the findings that . . Ic, inactivation seems unlikely (as measured in the soma) to account fully for sy naptic depression and that mechanisms in addition to spike broadening may contribute to heterosynaptic facilitation.
